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Chapter 1: Goals and Background 
 
 My project was focused in the field of photochemistry, using light to initiate chemical 
processes. The goal was to use light to stimulate the release of biologically relevant ions 
through the process of FRET (Fluorescence Resonance Energy Transfer) in aqueous solution. We 
sought to simultaneously detect this photo-release process using fluorescence and to quantify 
the amount of ion in solution by measuring a change in the system’s absorbance. To accomplish 
this goal, we designed a system for photo-release consisting of a highly fluorescent conjugated 
polymer nanoparticle paired with a photo-release dye.  Upon irradiation at the 𝜆"#$ of 
nanoparticle, it non-radiatively transfers its energy to the dye through the process of FRET, 
exciting the dye, which then releases the ion of interest. This system ensures efficiency because 
there is a much greater ratio of polymer to dye in the nanoparticles. The polymer nanoparticles 
act as “antennae,” effectively transferring all of their excited state energy to the dye through 
FRET, meaning that all of the dye molecules become excited and release the ion of interest. 
Pictured below is a representation of the nanoparticle systems utilized. The small red ovals 
represent the dye molecules, while the large green circle represents the conjugated polymer. 
 
 
Before discussing specific details about my project, a more in-depth discussion of 
fluorescence, FRET, absorbance spectroscopy, conjugated polymer nanoparticles, and photo-
responsive dyes is necessary.  
Figure 1 A representation of doped conjugated polymer nanoparticles  
 5 
Fluorescence Spectroscopy and FRET 
 
 Fluorescence is a subcategory of luminescence, which is simply the emission of light 
from an electronic excited state. Fluorescence occurs when a spin-paired electron in an excited 
state (the other electron in the pair being of opposite spin in the ground state) loses its excited 
state energy in the form of a released photon. This process is said to be spin-allowed, meaning 
electron spin is conserved, resulting in a singlet state emission. Fluorescence is typically 
observed for aromatic molecules, and fluorescence lifetimes are on the order of 10 
nanoseconds. Fluorescence data are most often presented as an emission spectrum on a plot of 
intensity (a.u.) versus wavelength (nm). A sample plot of the emission spectrum of PPE 
polymer, (poly(2,5-di(2’-ethylhexyl)-1,4-ethynylene), nanoparticles is shown in Fig. 2.  
 
Figure 2 Sample fluorescence emission plot of PPE polymer nanoparticles and the structure of PPE 
 
Fluorescence is thought of as an instantaneous, vertical excitation, according to the Franck-
Condon Principle. Upon light absorption from the lowest energy ground state, 𝑆&, the molecule 
goes into the first electronic excited state, depicted as 𝑆' in the Jablonski diagram (Fig. 3). 
R
R
n
R=
PPE 
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In the first excited state the molecule can enter into any number of vibrational sublevels 
(depicted as the closely spaced lines in 𝑆'). If the molecule enters a higher vibrational sublevel 
in 𝑆', it first undergoes a vibrational relaxation to the ground vibrational state of 𝑆' (depicted as 
the small dashed black arrow in 𝑆'). This process is rapid and happens before emission can 
occur. Because fluorescence emission occurs from the ground state of 𝑆', fluorescence spectra 
are observed at lower energies (longer wavelengths) than absorbance. This typically leads to 
fluorescence and absorbance spectra being mirror images, shown in Fig. 4. 
 
 
This wavelength difference between the maximum absorbance of a molecule and its maximum 
fluorescence emission is called the Stoke’s Shift.  
S0
S1
kexc kfluor kic
kisc
T0
T1
kickphos
Figure 3 Jablonski Diagram illustrating the electronic states of a molecule and some 
transitions that can occur 
Figure 4 A representation of the mirror image nature of fluorescence 
and absorbance 
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A fluorescence quantum yield (Q) can also be defined. Quantum yield is the ratio of the 
number of photons emitted to the number absorbed. Alternatively, it can be thought of as the 
probability that a molecule will lose its excited state energy in the form of a photon as opposed 
to any non-radiative process. The quantum yield is expressed in the following equation:  
𝑄 = Γ+,Γ+, + 𝑘/0  
Where Γ+, represents radiative decay (fluorescence) and 𝑘/0  represents the sum of all non-
radiative decay processes.  
Quenching and FRET 
 
To fully understand the process of FRET, a discussion of fluorescence quenching is 
necessary. Quenching is simply a process which prevents a molecule from fluorescing and can 
occur in a number of ways. Collisional quenching occurs when an excited molecule collides with 
other molecules in solution. This dissipates that molecule’s excited state energy, preventing 
fluorescence from occurring. Static quenching occurs when a fluorophore, a fluorescent 
molecule, forms a non-fluorescent complex with a quencher. FRET, Fluorescence Resonance 
Energy Transfer, can be thought of as a form of quenching, because it is simply another way a 
molecule can non-radiatively lose its excited state energy. This is represented in the modified 
Jablonski diagram (Fig. 5). The fluorescence lifetime of the donor is on the order of 
nanoseconds. Before transferring its energy to the acceptor, the donor first vibrationally relaxes 
to the ground state (on the order of picoseconds). The rate of this energy transfer is dependent 
upon several conditions, described in the equation on the following page. 
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There are certain criteria required for FRET. It only occurs when the emission spectrum of a 
fluorophore (the donor) overlaps with the absorbance spectrum of another molecule (the 
acceptor). The acceptor, however, does not need to be a fluorescent molecule. FRET has a 
distance requirement which determines the extent of energy transfer between the donor and 
acceptor. One measurement of distance is the Förster Distance, which is the distance at which 
FRET is 50% efficient. The rate of energy transfer can be described by the following equation:  
𝑘1(𝑟) = 1𝜏7 8𝑅&𝑟 :; 
Where r is the distance between the donor and acceptor, 𝜏7 is the fluorescence lifetime of the 
donor, and 𝑅& is the Förster Distance. Energy transfer between the donor and acceptor is a 
non-radiative process, which means the donor does not actually transfer its energy in the form 
of a photon. Transfer of energy occurs through dipole-dipole coupling interactions between the 
donor and acceptor.1 A representation of the spectral overlap needed for FRET and a diagram 
representing the process itself is shown in Figures 6 and 7.  
S0
S1
kexc kfluor kic
kFRET
S0
S1
kickfluor
DONOR ACCEPTOR
Figure 5 Modified Jablonski Diagram for FRET 
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Absorbance Spectroscopy 
 
Absorbance spectroscopy is a useful technique to determine the amount of analyte 
released into solution during the photo-event. It has been discussed in the context of 
fluorescence spectroscopy in which molecules absorb light to enter an excited state, but a more 
in-depth discussion is required in the scope of this project. Molecules, as opposed to atoms, 
have many vibrational and rotational excited states within the ground state that are possible at 
room temperature. This means that absorption occurs over a broad range of wavelengths for 
molecules because it occurs from a variety of excited states in the ground state. Atoms, 
however, have very sharp, narrow absorption bands as would be expected for a “quantized 
process occurring between two discrete energy levels.” Absorbance spectra for molecules 
appear as broad bands because of the spectrometer’s inability to resolve the vibrational and 
rotational transitions of the molecule. This is in part due to solvent effects which cause peak 
broadening. Pictured in Fig. 8 is a sample absorbance spectrum of the PPE polymer 
nanoparticles that we use in lab. The polymer has a broad absorbance spectrum, stretching 
over a wide range of wavelengths, due to the spectrometer’s inability to resolve the vibrational 
Donor Acceptor
FRET
donor fluorescence acceptor absorbance
Figure 7 A representation of the FRET 
process. The donor in green is 
transferring its energy to the acceptor, 
in red, which the fluoresces 
Figure 6 A representation of the 
spectral overlap necessary for 
FRET to occur 
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transitions. However, there is still a 𝜆"#$ at 365nm, a characteristic absorbance for this 
polymer.  
 
 
Absorbance spectroscopy is useful for quantitative analysis because it is related to 
concentration based on the Beer-Lambert Law.  
𝐴 = log8𝐼&𝐼 : = 𝜀𝑐𝑙 
Where A is the molecule’s absorbance, 𝐼& is the intensity of the incidence light, 𝐼 is the intensity 
of light leaving the cell, 𝜀 is the molar absorptivity, 𝑐 is the concentration of analyte in solution, 
and 𝑙 is the path length. Due to the logarithmic nature of absorbance, it is really only useful 
quantitatively at low concentrations of analyte.2 
Conjugated Polymer Nanoparticles 
 
 Conjugated polymer nanoparticles (CPNs) are simply long chain polymers (consisting of 
multiple monomer units, covalently attached) which are forced to curl into tiny spheres in 
solution (Fig. 12). CPNs are widely employed in chemistry due to their range of applications in 
the fields of optoelectronics, photonics, bio-imaging, bio-sensing, and nanomedicine. We use 
Figure 8 Absorbance spectrum of PPE polymer nanoparticles pre and post irradiation. This polymer has a broad 
absorbance starting in the deep UV and reaching into the low visible range.  
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conjugated polymer nanoparticles for their possible applications in biological systems and 
medicine, and their fluorescent properties. Their photophysical properties and low cytotoxicity 
make them good for use in fluorescence microscopy imaging in biological systems. Their size 
can be easily tuned, and certain functional groups can be incorporated into these nanoparticles, 
such as biologically relevant molecules, making them ideal for applications in biological 
systems. CPNs also have applications as fluorescence probes and show higher fluorescence 
brightness and photo-stability than the conventionally used molecular dyes, due to the polymer 
chains each containing multiple chromophores (4-10 monomer units equals one chromophore). 
Nanoparticles are also highly efficient systems for energy transfer, more specifically, 
fluorescence resonance energy transfer (FRET). CPNs have large absorption cross sections and 
high sensitivity for excitation light, making them good donors in FRET systems. Nanoparticles 
can be incorporated with dyes in which FRET effects, such as quenching of the nanoparticles’ 
fluorescence, can be observed through fluorescence spectroscopy.3 
 CPNs can be prepared using a number of methods, but two of the most popular are 
miniemulsion and reprecipitaion. Miniemulsion involves first dissolving the polymer in a water 
immiscible solvent. This mixture is then injected into an aqueous solution of a surfactant and 
then sonicated to prevent aggregation of the polymer chains. The size of these nanoparticles 
can range from 30nm to 500nm and it can be tuned by adjusting the polymer concentration in 
solution. Reprecipitation is the method utilized in our lab because of its efficacy and simplicity. 
It involves dissolving a hydrophobic conjugated polymer in a “good solvent” for the polymer 
(something in which the polymer dissolves easily), in our case THF. This mixture is then injected 
into a “poor solvent” for the polymer such as water. The two solvents must be miscible (water 
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and THF are). The solution of polymer, THF, and water is then sonicated and then the THF is 
removed to afford nanoparticles. Our lab utilizes two filtration steps at different points in the 
synthesis procedure to prevent aggregation. The specifics of our nanoparticle procedure are 
discussed in Chapter 3. The basis for the reprecipitation method of nanoparticle synthesis is the 
hydrophobic effect. The polymer, being hydrophobic, wants to be minimally exposed to water, 
so the chains curl into tight spheres in aqueous solution. Using this method, the nanoparticle 
size can be tuned as well by simply adjusting polymer concentration in solution. The smallest 
nanoparticles can be one polymer chain in size (on the order of 5-10nm depending on the 
polymer). 4 
Photo-Release Compounds 
 
Photo-releasable protecting groups (PPGs) are a class of photo-release compounds. As 
the name suggests, these types of molecules release a chemical species into solution upon 
irradiation with light. Using light as a reagent to selectively release a compound of interest is 
desirable because it provides good spatial and temporal control over the photo-release event. 
These compounds can release a number of different species including bioagents, acids, bases, 
ions such as 𝐶𝑎FG, 𝑍𝑛FG, 𝐶𝑢G, as well as others. These molecules can also release oxidants, 
biologically relevant large compounds such as AMP and ATP, and many others. A good PPG for 
biological applications should absorb well above 300nm to ensure that tissue damage is 
minimized and that maximum tissue penetration with the irradiation light is achieved (near 
infrared light penetrates tissue the best). There must be sensitive detection following the 
photo-release event to determine whether the compound was actually released. In our lab we 
use fluorescence detection due to its sensitivity. Finally, the PPG must be soluble in the target 
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medium. In order to utilize these compounds in a biological context, this typically means 
aqueous solubility.5 
Our lab has recently become interested in coumarin derivatives as a class of photo-
release compounds. One of these derivatives that we are currently using is discussed in more 
detail in the following chapter. In Fig. 9 is one example of a coumarin derived PPG which 
releases phosphates upon irradiation. “Nu” is a generic nucleophile.6 
 
 
 
 
 
Chapter 2: Synthesis of the Zinc Dye 
 
 We are interested in the release of biologically relevant ions into aqueous solution using 
highly efficient FRET systems with the hopes of one day applying these systems in a biological 
setting. The ideal system would be a dye that released zinc upon irradiation, and whose photo-
product exhibited “turn-on” fluorescence, allowing for simple detection. We were particularly 
drawn to this dye (pictured below) because it has sufficient spectral overlap with a polymer 
that has been widely used in our lab, PPE, suggesting that the two could make a viable FRET 
pair. 
 
 
  
O OO
Zn
N
S
OH2
O O
X
H2O
X=
O O
Nu
+ HXlight
Nu
OPO(EtO)2
Figure 9 Coumarin Derived PPG 
Figure 10 Structure of the Zn Dye, a coumarin derivative  
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 Zinc plays several important biological roles, sparking our interest in this dye. It is a structural 
component in many proteins7 8 where it stabilizes certain conformations to facilitate 
interactions between the proteins and other molecules such as DNA. Zinc is a doubly charged 
ion, allowing it to interact strongly with many components of amino acid residues in proteins 
such as the sulfur in cysteine, the nitrogen in histidine, and the oxygen in glutamate. The 
structural role of zinc can be seen in up to one percent of all human gene products and there 
are about two to three grams of zinc in all adult humans, making it one of the most prevalent 
“trace elements.”9 Zinc may also play a role in the pathogenesis of Alzheimer’s Disease (AD). 
Zinc is important biologically, but in high concentrations it can be neurotoxic. It may promote 
aggregation of the beta-amyloid protein, which is a main component of the plaques found in 
the brains of AD patients. There have also been hypotheses about zinc deficiency in the central 
nervous system being the cause of dementia and several studies suggested that zinc is depleted 
in certain areas of the brain in people with AD.10 11 The biological need for zinc prompted us to 
create a fluorescence system in which we could selectively release zinc with good spatial and 
temporal control in a site-specific manner.  
Synthesis Experimental: 
 
Scheme: 
 
b
O
HNS
O OHOHO O
OHO
CHO
O
a c O OO
Zn
N
S
OH2
1 
2 3 
Figure 11 The synthesis scheme for the Zn dye. Each step is explained in the following paragraphs 
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Step a12 attached an aldehyde group to the aromatic ring so it could act as an 
electrophilic center in subsequent reactions. Approximately 10g (56.8mmol) of 7-hydroxy-4-
methylcoumarin was mixed with approximately 19.9g (142mmol) of hexamethylene tetramine 
in 90mL of acetic acid. This mixture was stirred at 95℃ for six hours. After about 15 minutes the 
reaction mixture turned red and as it progressed the solution turned an even deeper shade. 
After 6hrs, 130mL of a 20% solution of HCl (84mL conc. HCl/100mL water) was added to the 
mix. This was then stirred for another 40 minutes at the same temperature before the reaction 
was allowed to stop. The solution was then cooled to room temperature, using an ice bath, and 
it was then extracted into ether (25mL x 4). Approximately 40mL of brine solution was added to 
facilitate separation. The organic layer was isolated and then dried under vacuum at 
approximately 95℃ for 45 minutes. The crude product was then recrystallized in anhydrous 
ethanol to yield pure compound 1. Yield after recrystallization: 7.5%. 1H NMR (CDCl3): δ12.24 
(s, 1H), 10.64 (s, 1H), 7.76-7.73(d, 1H), 6.94-6.91 (d, 1H), 6.23 (s, 1H), 2.45 (s, 3H). 
For step b approximately 102mg (0.5mmol) of compound 1 was added to 10mL of 
ethanol. This solution was degassed for approximately 10 minutes. Then, about 69mg 
(0.55mmol) of 2-aminothiophenol was added to this mixture. This was stirred at 55℃, to 
facilitate solvation, for 3hrs under argon gas. Product crashed out of solution within an hour, 
but the reaction was allowed to continue to ensure completion. The afforded white solid was 
washed with 5mL x 3 of both ethanol and petroleum ether, and gently vacuum dried (did not let 
it dry completely). Vacuum drying under argon was also attempted, but leaving the product wet 
was just as effective at preventing oxidation. No NMR data or percent yield were obtained due 
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to the oxygen sensitivity of 2. Step c was performed immediately after b, again, due to oxygen 
sensitivity.  
For step c, 44mg (0.2mmol) of zinc acetate dihydrate was added to 15mL of methanol. 
This solution was degassed for approximately 10 minutes. Upon addition of 2 to this mixture, 
the solution turned immediately yellow, indicating product formation. The reaction was stirred 
at ambient temperature for 2 hours. The desired yellow powder, 3, precipitated out of solution, 
was vacuum filtered (not dried completely), and was washed with 5mL x 2 of both methanol 
and petroleum ether. A yield has yet to be determined. 1H NMR (400 MHz, DMSO-d6): 𝛿(ppm): 
9.17 (s, 1H), 7.58 (d, 1H), 7.39 (dd,1H), 7.33 (dd, 1H), 6.98 (d,2H), 6.65 (d,1H), 6.01 (s, 1H), 2.37 
(s, 3H). Full spectra appear in Appendix 1.13 
Synthesis Discussion and Observations 
 
 Step a initially seemed fairly straightforward; however the literature only reported a 
maximum of 15% yield. During the vacuum drying on the Rotovap, the solution bubbled 
vigorously at first, but promptly stopped after a few minutes. The temperature of the water 
bath had to be heated to around 95℃ to afford powder. Upon smelling the yellow powder, it 
was immediately evident that there was still acetic acid present. NMR analysis also confirmed 
its presence along with a significant amount of water in the powder. This meant that product 1 
was more soluble in acetic acid than it was in diethyl ether, meaning during the extraction step, 
some of the product was present in the organic layer, but most of it was remaining in the 
aqueous layer. This led to the low percent yield. Upon first attempting this synthesis, a 4.5% 
yield was achieved and on subsequent tries this increased to a present maximum of 7.5%. The 
increased yield was a result of extracting the mother liquor again to yield a second crop. The 
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second crop always appeared a much more vibrant yellow than the first. This was an indication 
that the second crop was much purer than the first, although this was never confirmed by 
NMR.  
 Step b initially proved more difficult than described in the literature. The literature 
mentioned nothing about the oxygen sensitivity of 2 or the 2-aminothiophenol, so on the first 
few attempts the reaction was run in the presence of air. This was unsuccessful for obvious 
reasons and afforded a very fine orange powder from an unknown reaction sequence. At first it 
was unclear, however, that oxygen was reacting with the thiol to prevent the desired reaction 
from occurring. It was thought that an undesired product was forming because compound 1 
was not dissolving completely in the small amount of ethanol that was used for this reaction. It 
was found that 40mL of ethanol and added heat greatly increased the solvation of 1. In later 
reactions, inert conditions were also used once it was determined that the thiol and product 2 
were both oxygen sensitive. Upon running this reaction under argon, product formed 
immediately, and the reaction appeared complete in only 2 hours.  
 Step c was performed immediately after making product 2. It was determined that 
product 2 has a short shelf life (approximately one day) so it was most efficient to move 
immediately to the last step. This step was performed under argon as well to prevent 2 from 
oxidizing before the reaction could occur. On the first attempt, no product was obtained. This 
could be due to washing the filtrate with petroleum ether instead of diethyl ether, but it also 
could have been due to the limited solubility of 2 in methanol. The literature reported only 
using 4mL of methanol, but only a fraction of the yield of compound 2 was utilized in the paper. 
I, however, was using all of it. Therefore, 15mL of methanol was used and the reaction 
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proceeded as desired. Upon filtering, I noticed that any product left on the filter paper turned 
from yellow to orange within minutes. The Zn dye does have a strong absorbance in the visible 
range despite its 𝜆"#$ being in the UV, so the apparent oxidation could have been due to light. 
Product 2 was oxygen sensitive, however, so it could be assumed that the Zn dye would be as 
well. Neither of these are desirable, though, if the dye is to be utilized in nanoparticle systems. 
After making more Zn dye, I decided to test its shelf life. Some of the dye was placed in a 
vial flushed with argon and left exposed to light. The rest of the dye was left in a vial covered in 
aluminum foil in a dark drawer. There appeared to be no change in the appearance of ether 
sample after several weeks, indicating that the dye was stable to both light and air. Perhaps 
when the dye appeared to oxidize on the filter paper, the reaction had not proceeded correctly, 
and the right product had not been made. The shelf life has yet to be determined, but even 
after a couple months of using this dye there still appears to be a significant amount that has 
not oxidized as evidenced by fluorescence and NMR analysis. It was interesting to see in the 
NMR spectrum of an old sample of 3 that significant amounts of water and acetic acid were still 
present along with pure product. This meant that both of those impurities remained since the 
first step despite many washings, changes in solvent for subsequent reactions, and even 
recrystallization.  
Chapter 3: Making Doped Nanoparticles 
 
 We make extensive use of nanoparticles in our lab due to their wide range of potential 
applications. Conjugated polymer nanoparticles (CPNs) exhibit high fluorescence brightness and 
good photo-stability. They also have relatively high fluorescence quantum yields making them 
ideal for use in FRET systems. CPNs achieve these impressive photo-physical properties because 
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they have large, conjugated 𝜋-systems. These 𝜋-systems make the polymers rigid, which 
prevents them from losing their excited state energy through non-radiative decay processes 
such as bending, stretching, or any other type of molecular motion. Due to these fluorescent 
properties, nanoparticles have applications in fluorescence imaging and, due to their small size, 
they can be used for single molecule tracking in live cells.14 Nanoparticles can also be used for 
site-specific drug delivery. The particles are “loaded” with a fluorescent quenching drug, such as 
a chemotherapy drug, delivered to a specific site in the body, and then, upon irradiation with 
light, the drug is released, turning on the nanoparticle’s fluorescence. This allows for what is 
called “release and report.” The nanoparticle releases the molecule of interest and then 
“reports” back, via fluorescence, that the molecule has been released. This is incredibly 
important because it allows for targeted, site-specific delivery where conventional cancer 
treatments can have systemic cytotoxic effects.15 
 My project has focused on this category of release and report. We seek to use the 
nanoparticles in a different manner, however. We utilize their light-harvesting ability to amplify 
the photo-release process, making it more efficient and kinetically faster, while utilizing their 
fluorescent properties to detect the photo-release event. Before discussing any specific data, 
our nanoparticle synthesis procedure and the composition of the FRET systems we use will be 
described in detail. 
 Our organic nanoparticles are composed of a highly fluorescent conjugated polymer, in 
this case, poly(2,5-di(2’-ethylhexyl)-1,4-ethynylene), or PPE; and a photo-release dye, here, a 
coumarin derivative. A breakdown of the nanoparticle composition is shown in Figure 12, 
where the green circle is the CPN and the red dots are the dye molecules. 
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PPE and the Zn dye have sufficient spectral overlap and PPE has a fairly good quantum 
yield (Φ+, = 0.12)16 making the two a viable FRET pair. Figure 13 is a graph depicting the 
absorbance spectrum of the Zn dye (the acceptor) with the PPE polymer’s fluorescence 
emission spectrum (the donor).  
 
R
R
n
R=
O OO
Zn
N
S
OH2
PPE 
Zn Dye 
Figure 12 Diagram depicting the composition of the nanoparticle systems we utilize  
Figure 13 Diagram depicting the spectral overlap between the Zn dye and PPE. The top of the Zn absorbance 
spectrum is cut off to allow for a larger image 
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This spectral overlap is not extensive, and it occurs on the higher energy (lower wavelength) 
side of the PPE emission, but we have seen FRET occur before in different systems with similar 
characteristics. Therefore, we thought FRET could occur in this system as well. Upon irradiation, 
or through the FRET process, the Zn dye absorbs energy, causing it to release zinc ions into 
solution. Upon this photo-release process, the Zn dye undergoes a structural change, making it 
highly fluorescent. This is ideal because it allows us to detect the photo-release event by 
measuring a change in fluorescence. This process is depicted in Figure 14.  
 
Figure 14 This shows the Zn dye absorbing energy, releasing the ion and exhibiting “turn-on” fluorescence 
 
According to reference 9, in its parent form (left), the dye shows a fluorescence emission of 
approximately 385nm. Upon irradiation, there is a decrease in this 385nm peak, and an 
emission peak at 511nm appears, indicating that the initial photo-product (right) has formed 
and the molecule has released the zinc ion.  
 
 
 
 
 
O OO
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N
S
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O
HNS
O !"#$
O
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Figure 15 Final photo-product of the dye. Forms upon continued exposure to light. 
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Nanoparticle Synthesis 
 
It is important to understand our nanoparticle synthesis procedure to fully understand 
the FRET systems. We utilize a technique called re-precipitation to form the nanoparticles, 
depicted in Figure 16.  
 
  
The first step involves injecting 200uL of a 1mg/mL solution of PPE polymer in anhydrous THF 
into 4.8mL of anhydrous THF. This precursor solution is then vacuum filtered through 0.7um 
filter paper. 1mL of the pre-nano solution is then injected into 8mL of ultra-pure water and this 
mixture is sonicated for 2 minutes. Putting the pre-nano solution into an aqueous environment, 
where the polymer is not soluble, causes the polymer chains to curl onto themselves, forming 
little spheres. The outsides of these spheres are negatively charged and are hydrophilic, while 
the interiors of the nanoparticles are hydrophobic. Next, we remove the THF from the 
nanoparticle solution using either sparging or vacuum evaporation. Sparging involves bubbling 
argon gas through the solution of nanoparticles at a specified rate which removes the THF in 
the solution in approximately 30 minutes. Vacuum drying involves subjecting the nanoparticle 
solution to high vacuum which evaporates off the THF over about the same time period. We 
have found that argon bubbling is the superior technique for our nanoparticles because it 
Figure 16 This depicts the procedure for making blank nanoparticles (no dye added) 
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leaves a greater volume of solution after the THF is removed. Vacuum drying removes a 
significant amount of water along with the THF, which concentrates the nanoparticles, 
sometimes causing aggregates to form in solution. Finally, after the drying step (removal of 
THF), the nanoparticle solution is filtered through both 0.7um and 0.22um filter papers to 
prevent aggregates of particles from forming. This process discussed above makes “blank” 
nanoparticles (no dye added). 
Dye doping the nanoparticles can occur at various stages of the synthesis process, 
depicted in Figure 17.  
 
  
 
 
We manipulate the doping time and the amount of dye added to the solution to optimize the 
amount of dye that attaches to the nanoparticles. The point at which we dope the 
nanoparticles as well as the amount of dye added vary according to the dye used to optimize 
the FRET efficiency with the polymer. We start by first creating a 1mg/mL solution of dye. 
Ideally, we want the solvent to be something organic and volatile, so it can be removed through 
drying, causing the dye to stick to the nanoparticles instead of simply dissolving in the aqueous 
environment. Injecting (doping) dye into the precursor solution, prior to the first filtration, 
makes what we call 𝛼 nanopartilces. Doping into a solution of already formed CPNs, post 
Figure 17 This depicts the procedure for making doped nanoparticles. On the left is a table 
explaining the different dye doping times depicted on the right.  
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sonication, but before drying, creates 𝛾 nanoparticles. Finally, doping the solution of already 
formed CPNs after the drying step, but before the second filtration, creates 𝛽 nanoparticles. 
 
Finding a Viable Solvent to Create the Dye Solution 
 
With the Zn dye there were challenges with solubility, making the search for a viable 
solvent to create the dye solution difficult. Initially, I tried using ethanol to create the dye 
solution. This worked to some extent, but I had to make the solution significantly less 
concentrated (about 0.23mg/mL) than a normal dye solution (1mg/mL). We want a more 
concentrated dye solution, so we do not have to add as much extra solvent to the nanoparticle 
solution because this could disturb the polymer in some way. Even when I had significantly 
more solvent compared to dye, there were still some undissolved particles on the bottom of 
the vial. Despite this I was able to get some of the dye to dissolve. I wanted to perform 
absorbance and fluorescence scans to determine if the dye was behaving in the manner we 
desired. In other words, would it actually release zinc upon irradiation and could I actually 
observe a change in fluorescence accompanying this process? The graphs (Fig. 18 & 19) depict 
spectra of the dye in ethanol.  
 
 
 
Figure 19 This is an absorbance spectrum 
of the Zn dye in EtOH pre and post 
irradiation with 365nm light 
Figure 18 This is a fluorescence spectrum of 
the Zn dye in EtOH pre and post irradiation 
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On the left is the absorbance spectrum of the dye in ethanol pre (black) and post irradiation 
(red) with 365nm light for 30 seconds. On the right is the fluorescence spectrum of the dye pre 
and post irradiation. One can see the characteristic photo-product peak (at 511nm) that 
emerged after 30 seconds of irradiation with 365nm light, indicating that the dye released zinc 
ions into solution. The peak at 385nm, indicative of the parent form of the dye, is not very 
visible in this scan. This is probably because so little of the dye dissolved in the ethanol that this 
peak is being “drowned out” by the broad emission of the photo-product. There also might not 
have been much of the parent form initially in solution because the dye sample I used for this 
test had partially oxidized as seen by the small initial peak at 511nm. Despite the low 
concentration of dye in solution, the fluorimeter could still detect it due to its sensitivity.  
 Ideally, we want very concentrated dye solutions, so we do not have to add a lot of 
extra solvent to the pre-nano or nano solution because this could affect the nanoparticles in 
numerous ways. Therefore, due to the limited solubility of the dye in ethanol, we decided to try 
a dye solution in dimethylformamide (DMF) which is much more polar. However, as indicated 
by the fluorescence spectrum (Fig. 20), the dye did not dissolve in this either.  
 
 Figure 20  Fluorescence emission spectrum of the Zn dye in DMF pre and post 
several irradiation periods. This is indicative of the dye being essentially 
insoluble in DMF.  
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The fluorescence intensity is so low that it essentially cannot be distinguished from the 
baseline.  
We also tried dissolving the dye in THF. According the absorbance spectrum (left) the 
dye dissolved nicely. An absorbance of 0.2 a.u. indicates a good concentration of dye in 
solution, and the 𝜆VWX at 320nm is indicative of the parent form of the dye.  
 
 
 
 
 
 
However, the fluorescence spectrum of the Zn dye in THF (Fig. 21), was surprising. Absorbance 
indicated a good concentration of dye in solution, and, with fluorescence being a much more 
sensitive technique, one would expect a large fluorescence intensity. The data indicated, 
however, that there was very little dye actually dissolved in solution.  
We knew that the dye was soluble in DMSO, but we wanted to find another solvent 
because the dye exhibited different fluorescence characteristics in DMSO. And, if we want to 
detect photo-release using fluorescence, that is not desirable.  
Figure 22 Absorbance spectrum of the dye in 
THF pre and post irradiation 
Figure 21  Fluorescence spectrum of the dye in 
THF pre and post irradiation 
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In this fluorescence spectrum of the dye in DMSO (Fig. 23), one can see that the 511nm peak, 
indicative of photo-release, is not observed. In fact, the opposite trend from the dye solution in 
ethanol seems to be observed here upon irradiation with 365nm light. The peak around 385nm 
is supposed to decrease, meaning that the parent form of the dye is releasing the zinc ion, and 
the peak around 511nm is supposed to increase, meaning that the photo-product is forming. 
However, in this graph, everything seems to increase upon irradiation with no indication that 
the photo-product is forming.  
Doped Nanoparticles with the Zn Dye 
 
 Despite limited solubility in many of the solvents we tried, we decided to make doped 
nanoparticles using dye solutions of THF and ethanol first because the dye exhibited the 
expected photo-physical properties in these solvents. 
Zn 1  
 I used the general nanoparticle procedure discussed above and I doped the nanoparticle 
solution with 10uL of a 1mg/mL solution of dye in THF post-sonication and before argon 
bubbling to create 𝛾 nanoparticles. For my project we typically have doped the nanoparticles at 
Figure 23 Fluorescence spectrum of the Zn dye in DMSO pre and post several irradiation cycles 
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this point in the synthesis procedure because we found that it incorporated the dye onto the 
particles best. The absorbance scan pre-irradiation (Fig. 25) looked good, indicating a high 
concentration of nanoparticles.  
 
 
 
 
 
 
 
The initial fluorescence scan (Fig. 24) was slightly different than the typical spectrum we get 
with the PPE polymer. We would typically expect much sharper peaks around 420nm and 
465nm, but we thought the new dye could be causing this difference. After irradiating with 
365nm light for 1 minute, an increase in intensity of the PPE emission spectrum occurred as 
expected. We also expected to see evidence of the dye being attached to the nanoparticles. 
Comparing the fluorescence emissions pre and post irradiation, one can see a slight shoulder 
appear around 511nm. This could be evidence of the photo-product of the dye that formed 
upon irradiation, or it could simply be an increase in the overall intensity of the broad emission 
spectrum of PPE. Again, if one looks closely at the initial scan, a slight shoulder appears to be 
present around 511 there as well so the evidence is inconclusive. There was essentially no 
change in the absorbance spectrum pre and post irradiation. The parent form of the Zn dye 
Figure 25 Absorbance spectrum of doped 
nanoparticles using a solution of the dye in THF 
Figure 24 A fluorescence spectra of doped 
nanoparticles using a dye solution in THF 
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absorbs around 420nm, so upon irradiation we should see a decrease in this peak. However, 
looking at the absorbance spectrum post irradiation, if anything, the opposite seems to occur. 
Zn 2 
 With the next trial of nanoparticles, I used the same procedure, but this time I added 
20uL of dye solution to again make 𝛾 nanoparticles. Below are the absorbance (Fig. 25) and 
fluorescence (Fig. 26) spectra.  
 
 
 
 
 
 
 
Again, the absorbance scans showed essentially no change pre or post irradiation. This is not 
good if we seek to quantify photo-release using Beer’s Law. Upon irradiation, however, the 
fluorescence spectrum seemed to show a slight shoulder appearing at 511nm. This is much 
more pronounced, especially in the last scan (purple), compared to the previous batch of 
nanoparticles. This could be indicative of dye presence.  
Zn 3 
 Because it was somewhat ambiguous whether there was dye present in the 
nanoparticles when using a dye solution in THF, I decided to try the ethanol dye solution. I also 
utilized a different doping time with this batch of nanoparticles. I doped 20uL of a 1mg/mL 
Figure 27 Absorbance spectrum of doped 
nanoparticles 
Figure 26 Fluorescence spectrum of doped 
nanoparticles 
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solution of dye in ethanol, despite the previously discovered solubility issues, into the pre-nano 
solution after the first filtration, prior to sonicating. This does not make any of the types of 
nanoparticles that I discussed above (𝛼, 𝛽, 𝛾), but I believed that adding the dye prior to 
sonication would allow it to be better incorporated onto the nanoparticles. However, I do not 
think I added enough dye to the pre-nano solution because, again, there was no evidence of 
dye in either the fluorescence or absorbance scans. This could be because only a milliliter of this 
pre-nano solution is added to the 8mL of ultra-pure water before sonication, meaning that a 
very small amount of the total 20uL of dye was actually incorporated into the nanoparticles. 
Therefore, I decided to excessively dope the nanoparticles in the next trial. I also decided to use 
a different solvent for the dye solution because some of the problems could be associated with 
the dye’s limited solubility in both THF and ethanol.   
Zn 4 
 For this batch of nanoparticles, I doped in 200uL of a 1mg/mL solution of the dye in 
DMSO prior to sonication and after the first filtration. The concentration of dye in the pre-nano 
solution far outweighed the polymer concentration, hopefully ensuring that at least some of 
the dye would be incorporated onto the nanoparticles. However, after the second filtration I 
noticed a yellow tint on the filter paper, meaning that some of the dye (and polymer) had 
filtered out of solution. This was confirmed by the absorbance spectrum (Fig. 28).  
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One can see that the intensity is much lower than previous spectra, meaning that a significant 
portion of polymer had filtered out of solution. The fluorescence spectrum (Fig. 29) further 
confirmed low concentration. Again, however, the absorbance is not so low that one would 
expect an emission of such little intensity. 
 
 
 
Also, upon irradiation the polymer’s emission intensity decreased which is atypical of PPE. The 
odd fluorescence properties observed with this batch of nanoparticles could be due to 
Figure 28 An absorbance spectrum of doped nanoparticles using 
a dye solution in DMSO. This indicates that some of the polymer 
filtered out of solution 
 
Figure 29 A fluorescence spectrum of doped nanoparticles 
using a dye solution in DMSO. The low intensity indicates 
filtering out. 
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aggregation. Aggregation has been observed when too much dye is added to the nanoparticles. 
We cannot determine the cause of aggregation and the subsequent low fluorescence intensity, 
but we can speculate. Too much dye certainly disturbs the polymer in some way. It could 
completely coat the nanoparticles, disrupting their hydrophilic exterior, causing them to 
become unstable in solution and aggregate. The low fluorescence intensity of these aggregates 
could be due to pi-stacking which induces a form of static quenching.  
Zn 5 
 For this batch of nanoparticles, I utilized the same procedure as Zn 4, but this time I 
added 100uL of dye to the pre-nano solution to lessen the chances of the nanoparticles filtering 
out of solution. This was successful, and the initial fluorescence and absorbance spectra looked 
good (Figures 30 & 31).  
  
 
 
 
 
 
 
This was a good step in that the nanoparticles did not filter out, but there was still no hard 
evidence of dye being present in the nanoparticles. Even the small shoulder that was observed 
in previous batches was not present here. This could be due to the solvent choice for the dye 
Figure 31 An absorbance spectrum of doped 
nanoparticles using 100uL of dye solution. No 
filtering out occurred. 
Figure 30 A fluorescence spectrum of doped nanoparticles 
using 100uL of dye solution in DMSO. 
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solution because, after all, the dye in DMSO did not seem to exhibit the characteristic 511nm 
emission peak that was observed in the other solvents. The shape of the PPE emission 
spectrum, however, looks much cleaner than when the other solvents were used which is 
incredibly promising.  
 We sought to optimize the nanoparticles using the dye solution in DMSO, so we first 
recorded a fluorescence emission scan of blank PPE nanoparticles to compare to nanoparticles 
doped with the zinc dye. We also doped the nanoparticles with the dye prior to the first 
filtration, creating 𝛼 nanoparticles, to see if this would change the results. Pictured below in Fig. 
33 is the spectrum of the blank nanoparticles and in Fig. 32 are the doped nanoparticles.  
 
 
The blanks, upon irradiation with 365nm light, show an initial increase in fluorescence intensity, 
but with continued irradiation this intensity decreases. This trend, however, is not observed in 
the doped nanoparticles. With each irradiation the intensity increases, as expected, and an 
isoemissive point appears around 440nm. Everything to the right of this point shows an 
increase upon subsequent irradiations while everything to the left decreases. This was an 
incredibly promising result because it was a strong indicator that FRET was occurring between 
Figure 33 Fluorescence scan of blank 
nanoparticles for comparison Figure 32 Fluorescence scan of doped nanoparticles. This 
spectrum looks really good compared to previous scans. 
 34 
the dye and the nanoparticles. One can also see a strong increase in the intensity of the peak at 
511nm, indicating that the photo-product of the dye was forming. We took a difference 
spectrum (Fig. 34), subtracting Run 1 from Run 7 to get a better picture of what occurred during 
this experiment.  
 
 
We compared the difference wave to just the zinc dye in DMSO. The difference spectrum 
clearly shows an increase in the 511nm peak, indicative of the photo-product, and a drastic 
decrease in the 385nm peak, indicative of the parent form of the dye. This was the first 
evidence we found of the dye actually incorporated onto the nanoparticles and it was a strong 
indicator that our system was behaving in the desired way.  
 However, upon attempting to reproduce these results, we were unsuccessful. The 
spectra of another trial using the exact same procedure are pictured in Figure 35.  
Figure 34 A difference spectrum of the above data (run 7-run1) 
compared to just the dye in DMSO. 
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One can see here that the doped nanoparticles behave no differently than the blanks shown 
above. Upon irradiation, an initial increase in fluorescence intensity was observed. Upon 
subsequent irradiations, however, the intensity decreased.  
Chapter 4:  Conclusion and Future Direction 
 
 The data obtained during this project has suggested that this combination of the Zn dye 
and PPE polymer, in practice, could make viable FRET pairs. There was evidence from 
fluorescence spectra of the doped nanoparticles, discussed above, that the dye was sticking to 
the nanoparticles and that photo-release was occurring in solution. The difference spectrum 
was particularly helpful in determining this. However, there is still more work to be done with 
this system. In particular, replicating the data above and attempting to optimize the system 
through changing dye solution concentration, the solvent used in the dye solution, and the time 
of dye addition are crucial. DMSO is a good solvent for the dye and the data obtained above 
suggests that these systems could work with that dye solution; however, DMSO could be having 
Figure 35 Fluorescence scan of doped nanoparticles using 
the same procedure as above 
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an unknown effect on the nanoparticles and the dye, considering the fluorescence properties 
appeared to be different from the dye solutions in both THF and ethanol.   
 Secondly, due to the solubility issues associated with the dye, the use of micelles should 
be investigated. In the main literature source for this project (reference ix) they employed the 
use of micelles in a PBS buffer solution to dissolve the dye and to observe photo-release. Others 
in our lab have worked with PEG (polyethylene glycol) chains to create micelles in which they 
also employed nanoparticle systems. These PEG chains are surfactant molecules which coat the 
nanoparticles. This could help with attaching the dye to the nanoparticles by putting the two in 
close proximity in solution, allowing for better attachment. I believe that this would be a good 
direction for this project because it would help with the solubility of the dye as well as attaching 
it to the nanoparticles, without the need for extremely polar, non-volatile solvents like DMSO.  
 Third, new polymers should be investigated. Many of the problems associated with this 
project, and other photo-release projects in the past, could be due to our use of PPE. PPE 
polymer nanoparticles have a negatively charged exterior. This is good because it allows the 
polymer to form the nanoparticles and be stable in an aqueous environment, but attempting to 
release a positively charged ion, 𝑍𝑛FG, from something that bears a negative charge might not 
work. The large negative charge of the polymer might attract the zinc ions, preventing them 
from entering the solution. In the case of this dye we would still observe the photo-product 
emission peak even if the ion does not exit the nanoparticle system. However, if these systems 
are to be employed in a biological setting, the ion of interest actually needs to be released into 
solution.  
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 Fourth, it could be possible to solve this issue of a negatively charged polymer, I believe 
coating the nanoparticles would be a viable next step. PEI (polyethyleneimine) and PAH (poly-
allylamine hydrochloride) polymers have previously been used in our lab to coat nanoparticles 
and I believe that these, or other coating polymers such as PFBT (poly-fluorene-alt-
benzothiadiazole), should be investigated again with these systems. The coating would mask 
the negatively charged exterior of the nanoparticle, changing it to neutral or positively charged, 
allowing the ion of interest to be released from the system.  
 Fifth, and finally, I believe that we should transition to systems that absorb in the visible, 
to near IR range, and that are less cytotoxic than PPE or the photo-release dyes that we use 
currently. These parameters are crucial if our systems are to be used in biological settings. 
Several photoresponsive compounds that absorb in this region are listed in reference 17. One 
of these compounds could be paired with a polymer with sufficient spectral overlap to create a 
FRET system that is responsive to visible and NIR light. My project has been mostly about proof 
of concept- can we amplify photo-release through FRET while achieving simultaneous 
fluorescence detection- but we cannot forget the overarching goal: to actually utilize these 
systems. The NIR is desirable because this wavelength range has the greatest tissue penetrating 
ability, allowing these systems to be effectively used in biological settings.17  
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Appendix: NMR Spectra for Synthesis Experimental  
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NMR’s for 3 
-Full Spectrum 
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